Short or polyunsaturated lipid variants of the NKT cell antigen ␣-galactosylceramide (␣GC) exhibit decreased potency and a Th2 bias in vivo despite conserved TCR contact residues and stable binding to CD1d at neutral and acidic pH. Using reagents to directly visualize lipids in their free or CD1d-bound form, we determined that, contrary to predictions, these lipids reached the lysosome better than ␣GC. However, in contrast with ␣GC, they loaded CD1d at the cell surface and underwent immediate pH-dependent dissociation upon recycling to the lysosome. In cell-free assays, ultrafast dissociation of preformed complexes could be induced at acidic pH only when free competitor lipids were added, suggesting active lipid displacement. These findings provide a common cell biological explanation for the decreased stimulatory properties of short and polyunsaturated ␣GC variants. They also suggest that direct lipid displacement is a potent mechanism underlying highly dynamic lipid exchange reactions in the lysosomal compartment that shape the repertoire of lipids associated with CD1d.
T
he presentation of lipid antigens to T lymphocytes is accomplished by various CD1 molecules and is involved in multiple immunological processes (reviewed in refs. [1] [2] [3] . Although much is known about the intracellular trafficking of CD1 molecules and the mechanisms of lipid loading, the intracellular trafficking of lipid antigens and the location and dynamics of CD1-lipid complex formation and dissociation remain poorly understood.
This issue has gained considerable interest since recent observations that lipid variants of the synthetic NKT ligand ␣GC displayed different immunostimulatory properties (4) (5) (6) (7) . NKT cells are a conserved population of CD1d-restricted T cells expressing a semiinvariant TCR with a canonical V␣14-J␣18 (human V␣24-J␣18) alpha chain specific for microbial lipids. Their activation by administration of synthetic ␣GC unleashes explosive secretion of Th1 and Th2 cytokines and chemokines and CD40L-mediated activation of CD1d-expressing dendritic cells (reviewed in ref. 1) . ␣GC has therefore emerged as an effective immunomodulator and a powerful adjuvant of adaptive immunity (reviewed in ref. 8) . The ternary structure of the huV␣24-J␣18 TCR complexed with CD1d-␣GC revealed the major role of J␣18 in contacting the galactose residue emerging from the groove whereas the acyl and sphingosine chains were buried in hydrophobic channels shielded from direct TCR recognition (9) .
It is surprising, therefore, that variants of the original ␣GC displaying truncated or unsaturated fatty acid chains generally exhibit decreased potency for NKT cell activation but also often selectively favor Th2 responses (4) (5) (6) (7) . In the case of OCH, a variant of ␣GC with a truncated phytosphingosine chain, the predominant Th2 response was linked to premature interruption of TCR signaling due to unstable association of the variant lipid with CD1d (10) but another study found stable binding of OCH and instead demonstrated altered interaction of the TCR with CD1d-OCH, possibly as a consequence of a conformational change linked to the 'collapse' of a semi-empty F' channel (11) .
In contrast, truncated acyl variants (12) or a diunsaturated acyl variant (5, 13), which exhibited similarly altered functional properties, bound CD1d and engaged the TCR as stably like ␣GC, as shown by direct biophysical studies or by CD1d tetramer staining experiments. Further, the structure of the CD1d-␣GC (ac C8:0) complex was identical to that of CD1d-␣GC at the TCR interface (12) . In fact, the analysis revealed the presence of a spacer lipid at the bottom of the A' channel filling in for the truncated acyl chain of ␣GC (ac C8:0). Other explanations must therefore be provided to account for the altered stimulatory properties of these lipids. Some studies suggested that short or polyunsaturated lipids failed to efficiently traffic to the lysosome (14, 15) but this has not been tested for ␣GC variants. While the variants could directly load CD1d molecules at the cell surface without trafficking to endosomal compartments (5, 12, 13) , lysosomal loading might be required for access to membrane rafts and efficient T-cell stimulation (16) .
To directly visualize the site and kinetics of CD1d loading by ␣GC variants, we generated fluorochrome-tagged lipids and exploited a recently described antibody specific for the CD1d-␣GC complex (17) . Here, we demonstrate that these variants efficiently reached the lysosome, but were immediately dissociated from CD1d due to their displacement by long endogenous lipids at acidic pH.
Results
Cellular Entry of Short and Long NKT Ligands. The parental compound ␣GC (ac C26:0, ps C18:0), known as KRN7000, its shorter or diunsaturated lipid variants, and the fluorescent conjugates with BODIPY linked to 6'' hydroxyl of the galactose ring (18) are depicted in Fig. S1 . Previous biophysical and structural studies indicated that ␣GC and ␣GC (ac C8:0) bound CD1d and engaged the NKT cell TCR in a similar manner (12) . However, Fig. 1A demonstrated that, when dendritic cells were pulsed overnight before stimulation of NKT cells, the dose response to the short acyl variant was markedly inferior and shifted Ͼ100-fold compared with ␣GC.
To investigate these differences, confocal microscopy studies using BODIPY conjugated lipids were performed using This article is a PNAS Direct Submission.
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This article contains supporting information online at www.pnas.org/cgi/content/full/ 0901228106/DCSupplemental. RBL.CD1d transfectants and mouse BMDCs. Paradoxically, the weaker antigen ␣GC (ac C8:0) exhibited a faster and augmented cellular uptake compared with ␣GC (Fig. 1B) . Thus, BODIPY-␣GC (ac C8:0) was found at the plasma membrane and in intracellular vesicles as soon as 15 min after incubation at 37°C whereas BODIPY-␣GC could only be detected at 2 h and in much lower amounts than BODIPY-␣GC (ac C8:0). Furthermore, BODIPY-␣GC was not detected at the plasma membrane and was only found in intracellular vesicles. At 18 h, while BODIPY-␣GC (ac C8:0) exhibited a diffuse and intense staining pattern involving plasma membrane as well as intracellular vesicles, BODIPY-␣GC was still concentrated in a vesicular compartment. Using conditions under which Lysotracker stains the LAMP-1-positive mannose 6-phosphate receptor-negative lysosomal compartment (19) , we demonstrated that BODIPY-␣GC was mostly contained within the lysosome after 18 h of incubation with RBL.CD1d or with BMDC, whereas BODIPY-␣GC (ac C8:0) was detected in the lysosome as well as in non-lysosomal structures (Fig. 1C) . The non-lysosomal structures included the Golgi apparatus. Quantitative analysis demonstrated 5-10 times more BODIPY-␣GC (ac C8:0) than BODIPY-␣GC in the Lysotracker-positive vesicles of DC or RBL (Fig. 1D) .
Receptor-independent Uptake of Short Lipids. The rapid staining of the cell membrane by BODIPY-␣GC (ac C8:0) suggested direct, receptor-independent uptake. To directly test this possibility, liposomes were coated onto glass beads and incubated for various times with BODIPY-␣GC or BODIPY-␣GC (ac C8:0) prediluted in FCS-enriched PBS. After washes, the liposomes were analyzed by FACS to quantify lipid uptake. BODIPY-␣GC (ac C8:0) demonstrated nearly maximal uptake by liposomes after only 1 h, whereas only trace amounts of BODIPY-␣GC could be detected even after 18 h, demonstrating massive and efficient receptor-independent uptake of BODIPY-␣GC (ac C8:0) by the lipid bilayer (Fig. 1E ).
Opposite Impact of Endosomal Trafficking on CD1d Loading by Short
or Long ␣GalCer Variants. Using L363, an antibody specific for the mouse CD1d-␣GalCer complex (17), we compared how ␣GC and ␣GC (ac C8:0) loaded CD1d at the cell surface and in intracellular compartments over time. Surprisingly, despite the massive differences in lipid uptake shown in Fig. 1 , a relatively similar density of surface complexes was achieved for a range of lipid concentrations after 24 h ( Fig. 2A) . Thus, 1 g/mL ␣GC generated equivalent surface loading as 5 g/mL ␣GC (ac C8:0). These concentrations will be used throughout this study, unless indicated otherwise. The loading of ␣GC, however, was delayed by more than 6 h compared to that of ␣GC (ac C8:0) (Fig. 2B) , reflecting a differential requirement for lysosomal loading as shown by the drastic reduction of CD1d-␣GC complexes at the cell surface of RBL-TD cells expressing a truncated variant of CD1d lacking the endosomal recycling motif.
Confocal microscopy showed that CD1d-␣GC complexes were abundantly present in the lysosome, as expected (Fig. 2C Left) . Furthermore, side-by-side kinetic analysis by confocal microscopy demonstrated that BODIPY-␣GC reached the lysosome in a delayed manner, concomitant with the detection of CD1d-␣GC complexes in this organelle (Fig. S2) . However, CD1d-␣GC (ac C8:0) complexes were quasi-absent in this compartment (Fig.  2C Right) . This was notable because ␣GC (ac C8:0) efficiently reaches the lysosome and also because it can efficiently and stably load CD1d over a range of pH values in cell-free assays (12) . Because CD1d-␣GC (ac C8:0) complexes are readily formed at the plasma membrane and are expected to recycle to the lysosome, we hypothesized that these complexes were dissociated in the lysosomal compartment.
Role of Lysosomal Acidification. Treatment of RBL.CD1d cells with the inhibitor of H ϩ -ATPase bafilomycin A impaired the loading of ␣GC onto CD1d, as expected (Fig. 3A) . The same treatment, however, had the opposite effect on the concentration of surface CD1d-␣GC (ac C8:0) which increased approximately 2-fold. Another variant with a diunsaturated acyl chain ␣GC (ac C20:2) demonstrated the same increased loading after bafilomycin A. This increase occurred in a delayed manner after 6 h, consistent with the hypothesis that bafilomycin A prevented the dissociation of CD1d-␣GC (ac C8:0) complexes formed at the cell surface as they recycled to the lysosome (Fig. 3A Lower) . Bafilomycin A did not induce this augmenting effect in RBL-CD1-TD cells expressing the cytoplasmic tail truncated CD1d, further supporting the conclusion that the increase in surface CD1d-␣GC (ac C8:0) depended on lysosomal recycling. Other lysosomal acidification inhibitors, including concanamycin and chloroquine, had identical effects (Fig. 3B) . In other experiments, bafilomycin A was added after lipid antigen pulse to study the effect of lysosomal neutralization on existing CD1d-lipid (Fig. 3C) . In contrast, the surface expression of CD1-␣GC continued to decrease over the same period, presumably reflecting the interruption of lysosomal loading. We noted that, despite extensive washes after the pulse period, lipids seemed to be continuously secreted in the culture medium, possibly in the form of blebs or exosomes and subsequently served as a reservoir for prolonged loading of CD1d. This release was particularly abundant for ␣GC (ac C8:0) (Fig.  S3) preventing strict 'chase' experiments.
Confocal microscopy confirmed that bafilomycin A prevented lysosomal loading of ␣GC in the lysosome (Fig. 3D) . The late endosomal/lysosomal compartment stained for LAMP-1 exhibited a distorted morphology with larger vesicles typical of bafilomycin A treatment. In contrast, the opposite effect was noted for ␣GC (ac C8:0), as bafilomycin A induced the de novo appearance of CD1d-␣GC (ac C8:0) complexes in the late endosome/lysosome. Cells that had previously been pulsed with lipids were also treated with NH 4 Cl to induce immediate neutralization of the endosomal pH, as opposed to the progressive effect of bafilomycin A. Strikingly, CD1d-␣GC (ac C8:0) complexes appeared in the late endosome/lysosome as early as 2 min after pH neutralization, whereas the same treatment did not alter the presence of CD1d-␣GC complexes. Given that the CD1d-␣GC (ac C8:0) complexes that form at the cell surface continuously recycle to the lysosome, they must be rapidly dissociated in the acidic environment of the lysosome. These results also provided independent confirmation of the presence of ␣GC (ac C8:0) in the lysosome as suggested by the experiment with fluorochrome-tagged lipids shown in Fig. 1 .
Other Variants of ␣GC. Experiments using phytosphingosinetruncated variants of ␣GC showed a similar bafilomycin A-induced increase in surface staining by L363 (Fig. S4A) and appearance of CD1d-lipid complexes in the late endosome/lysosome (Fig. S4B) .
Influence of pH and Free Lipids on the Dissociation of CD1d-Lipid
Complexes in Cell-Free Conditions. To model the conditions leading to the rapid dissociation of CD1d-␣GC (ac C8:0) complexes in the lysosome, we studied the loading and the dissociation of lipids in a cell-free assay using recombinant CD1d protein, lipid transfer proteins and a competitor lipid naturally present in the lysosome, glycosphingolipid GT1b, at variable pH conditions. Fig. 4A shows that, while ␣GC (ac C8:0) could load CD1d proteins independently of lipid transfer proteins at both acidic and neutral pH, ␣GC required both acidic pH and lipid transfer proteins for optimal loading. Preformed complexes of both CD1d-␣GC and CD1d-␣GC (ac C8:0) were stable at either neutral or acidic pH (Fig. 4B Left) as previously shown. However, in presence of the free GT1b, most ␣GC (ac C8:0) molecules were displaced within less than 1 min, whereas ␣GC remained associated with CD1d (Fig. 4B Right) . Importantly, the rapid displacement of ␣GC (ac C8:0) was observed at acidic but not neutral pH. Similar findings were observed with the sphingosineshortened or the diunsaturated acyl variants of ␣GC (Fig. 4C ). These findings demonstrate the extraordinary synergy of pH and free lipids in dissociating, within seconds, preformed complexes made of CD1d and short or polyunsaturated variants of ␣GC.
Pulse-Chase Assays In Vivo. After overnight pulse with ␣GC or ␣GC (ac C8:0), RBL.CD1d cells were washed and chased in various culture conditions to monitor the decay of surface CD1d-␣GC complexes over time. When examined immediately after a 24-h pulse with a broad range of concentrations of ␣GC or ␣GC (ac C8:0), the densities of CD1d-␣GC and CD1d-␣GC (ac C8:0) complexes at the surface of RBL.CD1d cells are roughly comparable (Fig. 2 A) . Given the similar recognition of these complexes by the NKT cell TCR, the markedly decreased potency of ␣GC (ac C8:0) might be due in part to the rapid dissociation of CD1d-␣GC (ac C8:0) complexes after the pulse, during the overnight incubation with the NKT hybridoma. To directly test this hypothesis, we lipid-pulsed RBL.CD1d cells for 24 h and monitored the decay of surface complexes over a 18-h chase period. A shift of 10-fold in the surface concentration of CD1d-lipid complexes could be observed between ␣GC and ␣GC (ac C8:0) after only 4 h of chase and Ͼ100-fold after 18 h (Fig. 5A ). Note that, as mentioned previously, a strict chase is not possible due to prolonged storage of lipids inside the cells and their release in the culture supernatant, even after thorough washes (Fig. S3) . Nevertheless, the findings directly demonstrate the relatively faster decay of CD1d-␣GC (ac C8:0) complexes at the cell surface, providing a clear explanation for the decreased stimulatory potency of ␣GC (ac C8:0) when this antigen is present only transiently during a pulse. To directly test the contribution of endosomal recycling to the dissociation of surface CD1d-lipid complexes, we pulsed RBL.CD1d and RBL.CD1-TD with ␣GC (ac C8:0) in serum-containing medium before a chase in serum-free medium (to minimize lipid displacement at the cell surface). As mentioned before, despite multiple washes, RBL cells continuously release the ␣GC variant lipids in the culture medium well after the pulse. These lipids can reload surface CD1d molecules, explaining the apparent absence of decay of CD1d-lipid complexes in Fig. 5B . However, RBL cells expressing CD1-TD, the non-recycling form of CD1d, exhibited a relative increase in CD1d-lipid complexes compared with RBL.CD1d cells, demonstrating that CD1d lysosomal recycling significantly contributes to the dissociation of CD1d-␣GC (ac C8:0) complexes formed at the cell surface.
Discussion
This study defines a set of biochemical and cell biological properties that distinguish short or diunsaturated lipid variants of ␣GC from ␣GC itself, beyond recent reports that some of these variants can load CD1d directly at the cell surface (5, 12, 13). They clarify conflicting assessments of the stability of association of CD1d with some ␣GC variants (10, 11) and reveal highly dynamic lipid exchange mechanisms that operate within cells in vivo but eluded prior studies using cell-free assays in vitro.
The short and diunsaturated lipid variants showed immediate, receptor-independent binding to lipid bilayers, explaining their direct colonization of the plasma membrane at the cell surface. In contrast, ␣GC entry was delayed and appeared largely dependent on uptake by receptors, likely lipoprotein receptors (20). LDL receptor-mediated uptake specifically directs lipids such as ␣GC to the endosomal compartment, which is well equipped to load lipids onto CD1d with assistance of lipid transfer proteins (21, 22) , whereas the short and diunsaturated variants directly loaded CD1d at the cell surface. The increased solubility of short and diunsaturated variants in aqueous solution might explain their different behavior, including the binding to CD1d in the absence of lipid transfer proteins or detergents. Through direct binding to the plasma membrane, the lipid variants participated in vesicular trafficking, ultimately reaching lysosomal concentrations 5-10 times greater than ␣GC. In this respect, these short lipids differed markedly from a short variant of glucomonomycolate (C 32 GMM) and from short DiL lipid analogues, which showed impaired access to the late endosome/ lysosome when compared with their longer versions (14, 15) . The dependence of ␣GC on surface lipoprotein receptors might preferentially direct its entry to cells expressing high levels of these receptors, such as dendritic cells and macrophages (Fig.  S5) , whereas the short variants may be more indiscriminately captured and presented by various types of CD1d-expressing cells, including nonprofessional antigen-presenting cells. These relative differences in antigen-presenting cell types might in turn influence the magnitude and the type of responses in vivo. For example, a more sustained IFN-␥ response could be achieved in vivo when ␣GC was selectively presented by DC (23, 24) .
The major finding of this study is the demonstration of the intensely dynamic nature of the lipid exchange mechanisms that govern CD1d-mediated antigen presentation, specifically the process of lipid displacement and its regulation by lipid structure and acidic pH. Displacement, that is, the increased dissociation rate of some CD1-lipid complexes in the presence of free lipids, was previously reported in the CD1b system where a short form of GM1 could be displaced by longer natural glycosphingolipids during overnight incubation (25) . Although its precise mechanisms remain to be elucidated, displacement might occur after a free lipid inserts a fatty acid chain into the CD1d channel transiently vacated by the shorter arm of a bound lipid, gaining a foothold to subsequently dislodge the second lipid chain. Likewise, acidic pH was recently shown to increase the rate of dissociation of C 32 GMM from human CD1b with comparatively little effect on C 80 GMM, a phenomenon ascribed to the disruption of ionic tethers between molecular domains of CD1b (26) . While neither acidic pH nor the presence of a competing lipid exhibited strong effects by themselves, our studies directly show that it is the combination of these 2 mechanisms that accounts for the dissociation within seconds of CD1d complexed with short or diunsaturated ␣GC variants. These results resolve the discrepancies between the long lifespan of these complexes when measured in cell-free assays over a range of pH values (5, 11, 12) and their drastically reduced lifespan in living systems.
Because premature interruption of antigen presentation to NKT cells preserved IL-4 but markedly reduced IFN-␥ secretion (10), these findings may also have implications for our understanding of the Th2 bias commonly observed with short or diunsaturated ␣GC variants in vivo. Indeed, rapid dissociation from CD1d may increase the frequency of abortive signaling events sufficient to induce IL-4 but not IFN-␥, further preventing the activation of NK cells to release more IFN-␥ (27, 28) . However, multiple mechanisms may contribute to the functional properties of ␣GC variants, including indirect alteration of the CD1d structure recognized by the TCR in the case of ␣GC (ps C9:0) (11) and differential uptake and presentation by different cell types (12, 29) . Another intriguing possibility is that the preferential loading of ␣GC in the lysosome might result in the increased presence of CD1d-␣GC complexes on lipid rafts at the cell surface, as previously suggested for MHC class II antigen presentation (16) . Nevertheless, the common physical, cell biological, and functional properties shared by the short or diunsaturated variants of ␣GC in this study suggest that they must share fundamental mechanisms impacting their immune stimulatory properties. 
